Whereas many genes associated with intellectual disability (ID) encode synaptic proteins, transcriptional defects leading to ID are less well understood. We studied a large, consanguineous pedigree of Arab origin with seven members affected with ID and mild dysmorphic features. Homozygosity mapping and linkage analysis identified a candidate region on chromosome 17 with a maximum multipoint logarithm of odds score of 6.01. Targeted high-throughput sequencing of the exons in the candidate region identified a homozygous 4-bp deletion (c.169_172delCACT) in the METTL23 (methyltransferase like 23) gene, which is predicted to result in a frameshift and premature truncation (p.His57Valfs * 11). Overexpressed METTL23 protein localized to both nucleus and cytoplasm, and physically interacted with GABPA (GA-binding protein transcription factor, alpha subunit). GABP, of which GABPA is a component, is known to regulate the expression of genes such as THPO (thrombopoietin) and ATP5B (ATP synthase, H1 transporting, mitochondrial F1 complex, beta polypeptide) and is implicated in a wide variety of important cellular functions. Overexpression of METTL23 resulted in increased transcriptional activity at the THPO promoter, whereas knockdown of METTL23 with siRNA resulted in decreased expression of ATP5B, thus revealing the importance of METTL23 as a regulator of GABPA function. The METTL23 mutation highlights a new transcriptional pathway underlying human intellectual function. † These authors contributed equally to this work. ‡ These authors contributed equally to this work and are co-senior authors.
INTRODUCTION
Intellectual disability (ID) is a significant public health issue with an estimated prevalence of 1 -3% worldwide (1, 2) . Although ID can be caused by environmental factors such as traumatic injury, toxin exposure, and radiation, genetic causes are thought to account for a large proportion of ID cases (3) . The molecular mechanisms underlying genetic causes of ID are diverse (4) . Whereas many ID genes function at the synapse (5), the role of transcriptional regulation in intellectual function has been increasingly realized, with the identification of mutations in many genes encoding transcription factors [TCF4 (6) , zinc finger genes (7 -9), SOX5 (10)] and DNA-binding or modifying proteins [MECP2, encoding a methyl-CpG-binding protein (11) , and DNMT3B, encoding a DNA methyltransferase (12) ] in individuals with ID.
Recently an increasing number of genes associated with ID have been found to encode transcriptional regulators with functions that relate to chromatin structure. These include histone acetyltransferases [CREBBP (13, 14) ], histone deacetylases [HDAC4 (15) ], histone methyltransferases [EHMT1 (16) ], and histone demethylases [PHF8 (17) , JARID1C (18) ]. These proteins directly modify histones through the addition or the removal of chemical moieties and affect transcription by altering chromatin structure and the availability of transcription factor binding sites, as well as by interacting in multiprotein complexes with pertinent transcription factors. Other genes encoding chromatin-remodeling proteins and implicated in ID include ARID1B (19) and ATRX (20) , which encode members of the SWI/SNF complex involved in the manipulation of nucleosome positions and consequent transcriptional activity. Thus, transcriptional regulation by proteins encoded by ID genes can take many different forms, and genetic forms of ID have provided important insights into mechanisms of chromatin regulation in the brain.
Here, we identify a new transcriptional regulator essential for normal human cognition, METTL23 (methyltransferase like 23) , and show that it interacts with the transcription factor subunit GABPA (GA-binding protein transcription factor, alpha subunit; encoded by GABPA), with functional effects on the expression of the GABP target genes THPO (thrombopoietin) (21) and ATP5B (ATP synthase, H+ transporting, mitochondrial F1 complex, beta polypeptide) (22) . This study identifies METTL23 as the causative gene in a family with ID and implicates the GABP transcriptional pathway in human cognitive function, adding to the growing body of evidence supporting a significant role for transcriptional regulation in cognition.
RESULTS

Clinical presentation
We identified a large, consanguineous pedigree of Yemeni origin with seven individuals affected by ID and dysmorphic features (Fig. 1A) . One branch of the family resides in the United Arab Emirates (UAE) and has three affected individuals (UAE branch), and another branch resides in the Kingdom of Saudi Arabia (KSA) and has four affected individuals (KSA branch). The clinical findings for the UAE branch are summarized in Table 1 and characteristic dysmorphic features can be seen in Figure 1B -E. The affected members of the KSA branch exhibited ID without seizures, though a detailed medical history of these individuals was not available.
Identification of the causative mutation
Based on the pedigree and clinical analysis, an autosomal recessive condition due to an ancestral mutation common to both branches of the studied family was suspected. Following genome-wide single-nucleotide polymorphism (SNP) genotyping and linkage analysis of 16 members of the family, only one genomic region was identified as homozygous in all affected individuals. The candidate interval was defined by markers rs820388 and rs4313838 on chromosome 17 (17q25.1 -25.3) and was 14.2 cM (4.0 Mb) in size ( Fig. 2A) . A maximum multipoint logarithm of odds (LOD) score of 6.01 was obtained within this region (Fig. 2B ). There were 72 annotated RefSeq genes in this interval, and only one gene in this interval, ACOX1, was associated with ID (MIM 264470; peroxisomal acyl-CoA oxidase deficiency). However, the reported clinical phenotype associated with ACOX1 mutations was distinct from that of the family studied herein.
Array capture and high-throughput sequencing were performed on all exons within the candidate interval using a genomic DNA sample from a single affected individual (Fig. 2C) , yielding 404 candidate variants. Among these, 274 variants were found to be homozygous, and 51 were located in exons or splice sites (first and last two bases of introns) with respect to known RefSeq genes. Only 24 of the homozygous variants were predicted to be protein-altering, and of these, only two were present at a minor allele frequency of 1% or less in the Exome Variant Server (EVS) and 1000 Genomes (1000G) database ( Table 2 ). The remaining two candidate variants in UBALD2 and METTL23 were subjected to validation by Sanger sequencing. The variant in UBALD2 was absent by Sanger sequencing, whereas the 4-bp deletion in the METTL23 gene was confirmed (Table 3 ; Fig. 2D ). This mutation is expected to lead to a frameshift and premature truncation (c.169_172delCACT; p.His57Valfs * 11; RefSeq NM_001080510.3). Genotyping of 16 individuals confirmed that the mutation segregated with the condition in this pedigree (Fig. 1A) . This deletion was absent from .800 exomes sequenced in our lab, many of which are from Middle Eastern individuals with autism and brain malformations. Additionally, it was absent from a set of 357 Saudi exomes with diverse Mendelian disorders, 112 of which have no neurological involvement. These Saudi exomes serve as a good ethnic control for the Yemini genetic background, since there has historically been tremendous mobilization of individuals of Bedouin descent across the Arabian Peninsula. This deletion is present in EVS at a low frequency (1/11615), and another nearby 2-bp deletion (c.171_172delCT; p.His57Glnfs * 13) is also present at a low frequency (2/11622) . No other nonsense, frameshift, or canonical splice site mutations in the METTL23 coding sequence are listed in the EVS.
There are seven known transcription variants of METTL23 in humans, encoding two isoforms of the protein (Fig. 2E) . The identified mutation falls within a coding region of three transcripts (isoform 1), a 5 ′ untranslated region of three other transcripts (isoform 2) and an intronic region of another presumably non-coding transcript (Fig. 2E) . Transcripts in which the mutation falls within a coding region are characterized by the presence of an alternative first coding exon. This alternative exon is expressed in the developing human brain at moderate but slightly lower levels than the downstream exons (Fig. 3A) , indicating that the transcripts containing this exon most likely make up a sizeable but not complete portion of the transcripts expressed in the developing human brain. Thus, the mutation could be hypomorphic in nature. Notably, only isoform 1 is conserved in most other species, and therefore, the mutation we identified affects the coding sequence of this evolutionally conserved isoform.
METTL23 expression and protein localization
Our RNA-seq data set revealed that METTL23 is expressed at low-to-moderate levels in the developing human brain (Fig. 3A) . This level of expression is comparable with other genes that have been implicated in ID, such as CC2D1A (Fig. 3A) (23) , and equal to or greater than the expression of the most closely related family members of METTL23 (data not shown). Using confocal microscopy, we found that transfected METTL23 localized to both the cytoplasm and the nucleus in HEK293T, HeLa, and N2A cells and was enriched in the nucleus (Fig. 3B ).
Physical and functional interaction between METTL23 and GABPA METTL23 was identified as an interacting partner of GABPA via a yeast two-hybrid screen using GABPA as bait ( Fig. 4A  and B ). This experiment was performed independent of the human genetic studies, in order to identify novel interactors of GABPA. This screen yielded multiple positive colonies for three separate cDNAs encoding METTL23, as well as positive results for several known interactors of GABPA, including isoforms of GABPB. We confirmed the interaction between GABPA and METTL23 through co-immunoprecipitation and found that endogenous GABPA was recovered from immunoprecipitates of overexpressed tagged METTL23 in N2A cells (Fig. 4C ). The co-immunoprecipitation was performed successfully in multiple cell types (HEK293T and N2A) and with or without a chemical cross-linker. To determine whether the METTL23/GABPA interaction is required for GABP function, we measured how manipulation of METTL23 expression alters the expression of GABP target genes. Through a luciferase assay, we found that the overexpression of METTL23 significantly increased transcription at the promoter of THPO, a gene that is known to be regulated by GABP. Furthermore, the positive effects of overexpressed GABPA and METTL23 were additive, indicating that METTL23 has a positive modulatory effect on GABP function via its interaction with GABPA ( Fig. 4D) . Next, we assessed the effects of METTL23 knockdown on the expression of the GABP target gene ATP5B using real-time quantitative reverse transcription polymerase chain reaction with gene-specific probes. In HEK293T cells, METTL23 siRNA treatment resulted in a 64% reduction in METTL23 expression, no change in GABPA expression and a modest (16.4%) but highly significant (p ¼ 0.00052) reduction in ATP5B expression (Fig. 4E ). This finding suggests that the interaction between METTL23 and GABPA is functionally significant and that the METTL23/ GABP complex, rather than GABPA levels alone, regulates the expression of crucial genes such as ATP5B.
Having established METTL23 as a functional interactor of GABPA, we queried our cohort of .800 exomes, mainly from consanguineous families with autism and brain malformations, for other recessive mutations in the following known GABP pathway genes: GABPA, GABPB1, GABPB2, ATF1, CREB1, SP1, SPI1, MITF, YAF2, YY1 and E2F1. Although this query did not identify any plausible candidate mutations in these genes, the sample size is too small to make definitive determination of the importance of these genes to ID.
DISCUSSION
We have described a novel cause of ID and identified METTL23 as a key gene involved in human cognition. METTL23 encodes a 190-(isoform 1) or 123-(isoform 2) amino acid protein that is predicted to contain an adenosine-methionine or lysine methyltransferase domain, but about whose function almost nothing was previously known. METTL23 belongs to a small family of similar predicted methyltransferases, which have been ascribed a variety of potential functions, including the regulation of chaperone proteins (24) , protein folding, DNA repair, histone modification, splicing factor regulation and signal transduction (25) . There is a precedent for other METTL genes being involved in human cognition, as METTL2B has been implicated in neurodevelopmental disorder with cognitive impairment (26) .
Importantly, we have identified METTL23 as a functional interacting partner of GABPA with significant effects on transcription. The potential role of METTL23 as a transcription factor regulator is consistent with its presence in the nucleus. GABPA is a subunit of the obligate heteromeric E twenty six (ETS) transcription factor GA-binding protein [also known as nuclear respiratory factor 2 (NRF-2) and E4TF1]. The GABPA subunit contains the ETS DNA-binding motif (27) as well as a protein-protein interaction domain for binding to the GABP beta subunit (28) . Briefly, GABPA binds with its near-C-terminal ETS domain to specific DNA sequences that are rich in guanine and adenine and subsequently uses its C terminus to recruit one of several GABPB isoforms to the target gene to form a tetrameric a 2 b 2 complex. There are multiple forms of GABPB, encoded by two separate genes, and spliced into five distinct isoforms (GABPB1-42, GABPB1-41, GABPB1-38, GABPB1-37 and GABPB2) with different expression patterns. All GABPB proteins bind GABPA via a common N-terminal ankyrin domain and induce transcription via transcriptional activation domains (29) . Although no functions of the N-terminal and middle regions of GABPA have been confirmed, the pointed (PNT) domain in the middle region of GABPA is predicted to mediate interactions with other proteins (29) . GABPA has been found to interact with several other proteins, including Sp1 (30) and p300 (31) , and mutations in the EP300 gene encoding the transcriptional co-activator p300 are known to cause Rubinstein-Taybi syndrome (MIM 613684) (32), a multiple congenital anomaly syndrome with ID. Furthermore, there is reason to believe that GABP might be important in ID, as the regulation of its dosage has been implicated in the pathophysiology of Down syndrome (33) . GABP was originally identified as a regulator of viral genes, but it is now known to also activate transcription of genes that control a wide variety of cellular functions including energy metabolism, cell cycle progression, apoptosis and differentiation (29) . Among the specific genes that GABP has been shown to regulate are THPO and ATP5B, and through overexpression and knockdown experiments, we have shown that METTL23 has a functional effect on the expression of these genes via its interaction with GABPA. Both of these genes have possible roles in cognition and neurodevelopment, as THPO expressed in the brain is thought to be involved in neuroprotection, apoptosis, development and neural cell differentiation (34), whereas ATP5B has been found to be down-regulated in the thalamic region of the brains of autistic individuals (35) .
Although the importance of METTL23 as a regulator of GABPA function is apparent, it is not yet clear whether METTL23 directly impacts the ability of GABPA to regulate transcription (e.g. by altering its conformation and DNAbinding affinity), or whether GABPA recruits METTL23 to methylate other proteins or DNA, thus impacting the expression of GABP target genes indirectly. The latter scenario would be similar to the case of the known GABP interactor Ying Yang 1 (YY1), which has been demonstrated to physically recruit the histone methyltransferase PRMT1 to specific promoters (36) , or the case of the ETS transcription factor ETS-related gene (ERG), which has been found to regulate transcription via interaction with the histone H3-specific methyltransferase ESET (37) . Although in a recent report, METTL23 did not show methyltransferase activity toward histones or amino acid homopolymers (38) , it is possible that the target of METTL23 methylation simply has not yet been found. As more details about the function of METTL23 are discovered, the exact mechanism by which METTL23 and GABPA work together to affect transcription will be revealed.
In summary, we have identified a novel autosomal recessive cause of ID in a large consanguineous family and shown that the causative gene, METTL23, is expressed in the brain during development. The METTL23 gene encodes a protein that localizes throughout the cell with particular enrichment in the nucleus and interacts with a subunit of the essential transcription factor GABP. Disruption of METTL23 expression has functional effects on GABP, leading to altered expression of the GABP target genes THPO and ATP5B. Thus, the ID in this family might be caused by alterations in the expression of genes that are normally regulated by GABP.
MATERIALS AND METHODS
Subjects
Subjects were identified and evaluated in a clinical setting for medical history, cognitive impairment and physical abnormalities. We collected peripheral blood samples from the affected individuals and their family members after obtaining written informed consent according to protocols approved by the participating institutions. All research procedures were in accordance with the ethical standards of the responsible national and institutional committees on human subject research.
Genome-wide SNP genotyping and linkage
A total of 16 individuals were genotyped by either the Illumina Human610-Quad BeadChip array (the UAE branch) or Affymetrix GeneChip Human Mapping 250 K Sty Array (the KSA branch) according to the manufacturers' instructions. Genomewide LOD scores were calculated using high-quality SNPs shared between the Illumina and Affymetrix arrays. PLINK (39) was used to reduce linkage disequilibrium between markers and MERLIN (40) was used to remove genotyping errors and calculate LOD scores, assuming an autosomal recessive mode of inheritance with 100% penetrance and a disease allele prevalence of 0.0001. Due to computational limitations, only affected individuals and their parents were included in the LOD score calculations.
Array capture and exon sequencing
We performed array capture followed by high-throughput Illumina sequencing of all exons within the candidate interval identified by homozygosity mapping. Array capture and sequencing were performed as previously described (41) in one affected individual, IV-16. Briefly, a custom array was designed with 
RNA-Seq
RNA was isolated from the telencephalon of a Carnegie stage 18 human embryo using the mirVana Kit (Ambion). Poly-A tailed mRNA was purified using the Oligotex mRNA Mini Kit (Qiagen), and a barcoded sequencing library preserving strand information was prepared with the SOLiD Whole Transcriptome Analysis Kit (Applied Biosystems). The library was sequenced on the SOLiD version 3 Plus sequencing system. Reads were mapped with standard settings using Bioscope software v1.2 (Applied Biosystems) to the human genome reference and splice junctions were obtained from the UCSC Genes annotation track (http://genome.ucsc.edu/, last accessed on 11 February 2014). Coverage graphs were generated by normalizing the coverage of uniquely mapping reads to the number of million mapped reads.
Subcellular localization
HEK293T cells were grown on cover slips in Hyclone DMEM/ High Glucose medium (Thermo Scientific) with 100 U/ml of penicillin/streptomycin (Fisher Scientific) and 10% fetal bovine serum (Sigma-Aldrich) for 24 h before being transfected with an N-terminally HA-tagged human METTL23 plasmid using Lipofectamine 2000 (Invitrogen). Approximately 30 h after transfection cells were washed once in phosphate-buffered saline (PBS, Cell Signaling) and fixed in 4% paraformaldehyde (Affymetrix) for 10 min at room temperature. Cells were then washed in PBS, permeabilized in PBS plus 0.04% Tween 20 (Sigma-Aldrich) for 30 min and blocked with 5% donkey serum (Jackson ImmunoResearch) in PBS/Tween for 1 h. Cells were incubated with a primary anti-HA antibody (1:500, Covance mouse monoclonal, Yeast two-hybrid screen Bait (GABPA) and prey (GABPB; GA-binding protein transcription factor, beta subunit, encoding the GABPB1-42 isoform) clones were generated using the Clonase II Kit (Invitrogen) and primers listed in Supplementary Material, Table S2 , according to the manufacturer's instructions. Products were inserted into the donor vector pDONR221 using the Gateway BP Recombination Reaction (Invitrogen) and subsequently into pDEST32 (bait) and pDEST22 (prey) using the Gateway LR Recombination Reaction (Invitrogen). Constructs were amplified in the competent E. coli strain DH5a using appropriate antibiotic selection, and plasmid DNA was isolated from selected colonies using the AccuPrep Plasmid MiniPrep DNA Extraction Kit (Bioneer). Competent MaV203 yeast cells were transformed with GABPA bait according to the ProQuest Two-Hybrid System with Gateway Technology (Invitrogen) instructions (user manual version C), with OD 600 ¼ 1.5 instead of the suggested 0.3. Nonspecific or self-activation of GABPA with empty prey vector was eliminated by using 10 mM 3-amino-1,2,4-triazole (3AT, an inhibitor of the HIS3 gene product).
A HeLa ProQuest pre-made cDNA library (Invitrogen) in pPC86 vector (1.5 kb average insert size) was used for the twohybrid assay. The known interaction of GABPA and GABPB was used as a positive control, whereas the empty vector pEXP-AD502 was used as a negative control. Strong and weak positive control interactions provided by the manufacturer were also used. MaV203 cells containing GABPA bait were transformed with 5 mg of HeLa library cDNA and grown on plates lacking leucine, tryptophan and histidine with 10 mM 3AT. Obtained clones were tested using the LacZ (b-galactosidase) assay with colonies grown on an YPAD (yeast extract-peptone-adenine-dextrose) plate covered by a nylon membrane and using the HIS3 (synthetic complete medium minus leucine, tryptophan, and uracil plate) reporter gene system. Plasmid DNA was isolated for selected yeast interaction clones using Zymolyase (Zymo Research) according to the protocol provided by the manufacturer. The isolated cDNAs were sequenced and identified using the online Basic Local Alignment Search Tool (BLAST; http://blast.ncbi.nlm. nih.gov/Blast.cgi, last accessed on 11 February 2014). Genbank (http://www.ncbi.nlm.nih.gov/genbank/, last accessed on 11 February 2014) data were used to confirm that full-length cDNAs had been isolated.
Co-immunoprecipitation
N2A cells were grown as described above for HEK293T cells and transfected with pcDNA3.1 (empty vector) or a C-terminally HA-tagged human METTL23 construct. After 24-48 h, cells were washed one time in PBS on ice then incubated with the chemical crosslinker dithiobis (succinimidyl propionate) (Thermo Scientific) at a 1.5 mM concentration in PBS for 30 min at room temperature. The cross-linking reaction was quenched with 15 mM Tris base (Sigma-Aldrich), pH 7.5, at room temperature for 15 min. Cells were then collected in a lysis buffer consisting of 150 mM NaCl (Sigma-Aldrich), 20 mM [4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid, Sigma-Aldrich (HEPES)] at a pH of 7.4, 5 mM ethylenediaminetetraacetic acid, SigmaAldrich (EDTA) at a pH of 8.0, 1% Triton X-100 (Sigma-Aldrich), benzamidine hydrochloride hydrate (Sigma-Aldrich) and one protease inhibitor tablet (Roche) per 50 ml of total buffer. Cells were scraped into Eppendorf tubes and lysed end-over-end for 1 h at 48C. Lysates were then centrifuged for 20 min at 16 000 × g at 48C, and small amounts of the supernatants were reserved (input fractions). The remaining portions of the supernatants were incubated with pre-washed monoclonal anti-HA agarose beads (Sigma-Aldrich) end-over-end for 90 min at 48C. Beads were then washed four times in remaining lysis buffer and resuspended in 1× Laemmli sample buffer (Sigma-Aldrich). All samples were then boiled at 1008C for 5 min before being run on a 4-12% Bis-Tris gel (Invitrogen) and transferred to a polyvinylidene fluoride membrane (Millipore). Western blotting was performed using primary antibodies anti-HA (1:5000, Abcam rabbit polyclonal ab9110) and anti-GABPA (1:500, Santa Cruz rabbit polyclonal, 22810), followed by the secondary antibody donkey anti-rabbit IRDye 800CW (1:4000, Licor).
Luciferase assay
The THPO promoter was inserted into the pGL3-Enhancer vector (Promega) using the primers listed in Supplementary Material, Table S3 , and Mlul and Xhol restriction enzymes. HeLa cells were transfected with 5 ng pRL-SV40 and 200 ng pGL3-THPO promoter vectors plus 400 ng GABPA, METTL23 and/or empty pCL-Neo vectors at 2 ml Lipofectamine 2000 (Invitrogen) per 1 mg plasmid DNA per 2 × 10 5 cells in a 24-well plate. A Dual-Luciferase Reporter Assay (Promega) was carried out 48 h after transfection, according to the manufacturer's instructions. Firefly luciferase values were normalized to Renilla luciferase internal controls and averaged across experiments, and relative values were obtained by dividing by the mean value of the firefly reporter in cells transfected with only the reporter constructs and the empty vector.
Real-time qRT-PCR
HEK293T cells were grown as described above and transfected with 50 nM siGENOME Non-Targeting siRNA Control Pool #2 (Thermo Scientific) or 50 nM siGENOME Human METTL23 siRNA SMARTpool (Thermo Scientific). After 48 h, RNA Human Molecular Genetics, 2014was isolated from cells using the PureLink RNA Mini Kit (Life Technologies). Genomic DNA was removed using the PureLink DNAse Set (Life Technologies). RNA was reverse transcribed into cDNA with the SuperScript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions. Real-time qRT-PCR was performed with StepOne software v2.1 (Applied Biosystems) using KAPA Probe Fast ABI Prism Master Mix (Kapa Biosystems) and FAM-dyed Taqman Gene Expression Assay probes for human METTL23 (HS01047752_g1), GABPA (HS01022016_m1) and ATP5B (HS00969569_m1, Life Technologies). A VIC-dyed ACTB probe (HS01060665_g1, Life Technologies) was used as a loading control. Raw threshold cycle (CT) values were exported and DCT values were calculated by normalizing each sample to the loading control. DDCT values were obtained by normalizing knockdown conditions to negative control siRNA conditions. Data were pooled across multiple experiments and relative expression levels were calculated.
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